Abstract: Naringenin is a flavonoid belonging to flavanones subclass. It is widely distributed in several Citrus fruits, bergamot, tomatoes and other fruits, being also found in its glycosides form (mainly naringin). Several biological activities have been ascribed to this phytochemical, among them antioxidant, antitumor, antiviral, antibacterial, anti-inflammatory, antiadipogenic and cardioprotective effects. Nonetheless, most of the data reported have been obtained from in vitro or in vivo studies. Although some clinical studies have also been performed, the main focus is on naringenin bioavailability and cardioprotective action. In addition, these studies were done in compromised patients (i.e., hypercholesterolemic and overweight), with a dosage ranging between 600 and 800 µM/day, whereas the effect on healthy volunteers is still debatable. In fact, naringenin ability to improve endothelial function has been well-established. Indeed, the currently available data are very promising, but further research on pharmacokinetic and pharmacodynamic aspects is encouraged to improve both available production and delivery methods and to achieve feasible naringenin-based clinical formulations.
Introduction
Naringenin is one of the most important naturally-occurring flavonoid, predominantly found in some edible fruits, like Citrus species and tomatoes [1] [2] [3] , and figs belonging to smyrna-type Ficus carica [4] . Chemically named as 2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one (Figure 1 This widely distributed molecule is insoluble in water and soluble in organic solvents, like alcohol. Within the flavonoids class, naringenin is a flavanone that derives from naringin or narirutin (its glycone precursor) hydrolysis [5] . In fact, naringenin occupies a central position as primary C15 intermediate in the flavonoid biosynthesis pathway [6] . Naringenin biosynthesis has been investigated in Medicago, parsley and other plants. Overall, the metabolic pathway constitutes of a six step process, successively catalyzed by phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase and its associated cytochrome P450 reductase, para-coumarate-CoA ligase, chalcone synthase (the key enzyme for the synthesis of naringenin) and chalcone isomerase [7] . Of note, naringenin is obtained by the condensation of para-coumaroyl-CoA with three units of malonyl-CoA. In addition, naringenin biosynthesis starter unit is para-coumaroyl-CoA, which in dicotyledonous plants derives from phenylalanine upon PAL deamination. The latter is thereafter hydroxylated at C4 by a cinnamate-4-hydroxylase and activated by a CoA-dependent ligase, through the universal phenylpropanoid pathway leading to flavonoids and stilbenes [8] . Moreover, monocotyledonous plants may also use tyrosine as substrate, directly producing p-coumaric acid without the need of cinnamate-4-hydroxylase enzyme activity [9, 10] .
To overcome the limited flavonoids production, in general, and naringenin, in particular, many attempts have been made to produce naringenin from metabolic engineering of specific pathways in microbial systems, such as Escherichia coli and Saccharomyces cerevisiae [7, [10] [11] [12] [13] [14] . The highest naringenin titers obtained through biotransformation were reached using E. coli [7] . In addition, S. cerevisiae engineered to produce naringenin, solely from glucose using specific naringenin biosynthesis genes from Arabidopsis thaliana, led to flux optimization towards the naringenin pathway, providing a metabolic chassis for large amounts of naringenin production and biological functions exploration [7, 11] . Growing evidence from both in vitro and in vivo animal studies have reinforced various naringenin pharmacological effects, including as hepatoprotective, anti-atherogenic, anti-inflammatory, anti-mutagenic, anticancer, antimicrobial agent, even suggesting its application in cardiovascular, gastrointestinal, neurological, metabolic, rheumatological, infectious and malignant diseases control and management [15] [16] [17] [18] . Based on these This widely distributed molecule is insoluble in water and soluble in organic solvents, like alcohol. Within the flavonoids class, naringenin is a flavanone that derives from naringin or narirutin (its glycone precursor) hydrolysis [5] . In fact, naringenin occupies a central position as primary C 15 intermediate in the flavonoid biosynthesis pathway [6] . Naringenin biosynthesis has been investigated in Medicago, parsley and other plants. Overall, the metabolic pathway constitutes of a six step process, successively catalyzed by phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase and its associated cytochrome P450 reductase, para-coumarate-CoA ligase, chalcone synthase (the key enzyme for the synthesis of naringenin) and chalcone isomerase [7] . Of note, naringenin is obtained by the condensation of para-coumaroyl-CoA with three units of malonyl-CoA. In addition, naringenin biosynthesis starter unit is para-coumaroyl-CoA, which in dicotyledonous plants derives from phenylalanine upon PAL deamination. The latter is thereafter hydroxylated at C 4 by a cinnamate-4-hydroxylase and activated by a CoA-dependent ligase, through the universal phenylpropanoid pathway leading to flavonoids and stilbenes [8] . Moreover, monocotyledonous plants may also use tyrosine as substrate, directly producing p-coumaric acid without the need of cinnamate-4-hydroxylase enzyme activity [9, 10] .
To overcome the limited flavonoids production, in general, and naringenin, in particular, many attempts have been made to produce naringenin from metabolic engineering of specific pathways in microbial systems, such as Escherichia coli and Saccharomyces cerevisiae [7, [10] [11] [12] [13] [14] . The highest naringenin titers obtained through biotransformation were reached using E. coli [7] . In addition, S. cerevisiae engineered to produce naringenin, solely from glucose using specific naringenin biosynthesis genes from Arabidopsis thaliana, led to flux optimization towards the naringenin pathway, providing a metabolic chassis for large amounts of naringenin production and biological functions exploration [7, 11] . Growing evidence from both in vitro and in vivo animal studies have reinforced various naringenin pharmacological effects, including as hepatoprotective, anti-atherogenic, anti-inflammatory, anti-mutagenic, anticancer, antimicrobial agent, even suggesting its application in cardiovascular, gastrointestinal, neurological, metabolic, rheumatological, infectious and malignant diseases control and management [15] [16] [17] [18] . Based on these aspects, the present review has a specific focus on clinical trials assessing naringenin consumptions' health benefits, whereas the reported reviews are more related to other aspects (in vitro studies, over-production approaches, or specifically on oxidative stress only).
Preclinical Pharmacological Activities of Naringenin
Naringenin is endowed with broad biological effects on human health (Table 1) , which includes a decrease in lipid peroxidation biomarkers and protein carbonylation, promotes carbohydrate metabolism, increases antioxidant defenses, scavenges reactive oxygen species, modulates immune system activity, and also exerts anti-atherogenic and anti-inflammatory effects [19, 20] . It has also been reported to have a great ability to modulate signaling pathways related to fatty acids metabolism, which favors fatty acids oxidation, impairs lipid accumulation in liver and thereby prevents fatty liver [3] , besides efficiently impairing plasma lipids and lipoproteins accumulation [21] . In addition, naringenin potentiates intracellular signaling responses to low insulin doses by sensitizing hepatocytes to insulin [19] , besides being able to traverse the blood-brain barrier and to exert diverse neuronal effects, through its ability to interact with protein kinase C signaling pathways [19] .
On the other hand, anti-cancer, anti-proliferative and anticarcinogenic effects have also been ascribed to this metabolite [22] , mostly linked to its ability to repair DNA. In fact, cells exposition to 80 mM/L naringenin, during 24 h, led to 24% DNA hydroxyl damages reduction [20] . Moreover, antiviral effects have been reported. Naringenin shows a dose-dependent inhibitory effect against dengue virus [23] , prevents intracellular replication of chikungunya virus [24] , and inhibits assembly and long-term production of infectious hepatitis C virus particles in a dose-dependent manner [19] . Unfortunately, this bioflavonoid is poorly absorbed by oral ingestion, with only 15% of ingested naringenin absorbed in the human gastrointestinal tract [20] , which has triggered several studies on its bioavailability. 
Bioavailability of Naringenin
Naringenin bioavailability has been properly studied in previous works, suggesting an extensive pre-systemic gut flora metabolism, leading to a wide pattern of degradation products (i.e., phenolic acids) [79, 80] . In a recent study, ultra-fast liquid chromatography-quadrupole-time-of-flight tandem mass spectrometry (UFLC-Q-TOF-MS/MS) was used to assess the urinary excretion of flavonoids in Chinese 23-30 years old volunteers, after 250 mL orange juice consumption (containing 31 µM naringenin). An overall 22% recovery was detected in 4 to 12 h, evidencing a phase II metabolism (especially sulfation and glucuronidation) of the aglycone after intestinal hydrolysis [81] .
Bioavailability training effect was also investigated in male endurance athletes (clinicaltrails.gov NCT02627547) [82] . In this trial, 500 mL of orange juice (containing 76 µM naringenin) was ingested before and after 7 days of physical training cessation, and the urinary excretion of phenolic metabolites analyzed. As main findings, the authors stated that the bioavailability in endurance athletes was lower when compared with less trained individuals. However, short activity cessation slightly enhanced metabolites excretion [82] . In the same line, it was also shown that the urinary metabolites excretion does not differ after fresh oranges or pasteurized orange juice consumption, even if the latter contains about half of total flavanones amount [83] .
Naringenin and hesperidin bioavailability were also investigated (trial NCT03032861) to deepen knowledge on orange juice prebiotic effect [84] . In this study, a marked increase in short-chain fatty acids and commensal bacteria were stated, with a concomitant decrease in ammonium levels, even in face of a decrease in total bacteria richness values.
Naringenin in Clinical Trials
Although there is a huge amount of data on in vitro biological effects of naringenin [85] , only few clinical studies have been carried out [16] , mainly because of the reduced data on pharmacokinetic aspects, metabolic fate and chemical instability of this compound [86] . Moreover, high isolation and purification costs further affect clinical trials feasibility.
Up to now, only 10 clinical studies were registered at clinicaltrials.gov database using "naringenin" or "naringin" (its glycoside) as keywords. Curiously, only one of these studies (NCT03582553, early phase I, still on recruiting) focused on naringenin administration isolated from Citrus sinensis extract (ranging from 150 to 900 mg). The main goal of this study was to check naringenin safety, tolerability and bioavailability, besides its effects on glucose metabolism. Data provided suggest how naringenin pharmacokinetics are still needing further investigation. Indeed, some of these studies investigated naringenin as a complex food supplement (i.e., whole orange juice), constituted by several polyphenols (including obviously naringenin), making difficult to assess the single phytochemicals contribution.
Role of Naringenin in Cardiovascular Diseases
The role of flavanones (including naringenin) on cardiovascular diseases has been wellstudied [87] , although most of the data have been collected in epidemiological and prospective studies. An inverse correlation has been stated between high flavanones consumption and cardiovascular risk [88] [89] [90] [91] , being a beneficial effect particularly related to naringenin consumption, given its great abundance in the tested samples [91] . In fact, most of the clinical studies have been carried out using naringin (a naringenin glycoside).
In a double-blind cross-over study, 12 patients with stage I hypertension received alternatively 500 mL/day of a fruit juice containing 593 µM naringin or a juice with lower content (143 µM naringin) for 5 weeks. Systolic blood pressure decreased in both groups, but no significant differences were found, while diastolic blood pressure was more effectively reduced in high-dose naringin group [92] .
Dyslipidemic patients treated with a commercial bergamot-derived extract (containing about 95 µM naringin/capsule) evidenced plasmatic lipids reduction, while improved lipoprotein profile after 6 months [93] . The same glycoside was also able to decrease total plasma cholesterol levels and to enhance antioxidant defenses in hypercholesterolemic subjects [94] . Jung and colleagues prescribed 400 mg naringin/capsule/day, and after 8 weeks they also reported a decrease in LDL-cholesterol levels and an increase in some antioxidant enzymes activity (i.e., superoxide dismutase and catalase). A somewhat similar result was obtained in 237 hyperlipemic volunteers during a 30-day program, using a bergamot extract containing several flavonoids (including naringin). This plant extract preparation was able to decrease triglycerides, total and LDL cholesterol levels [95] . Quite surprisingly, in the study of Jung and colleagues, phytochemicals supplementation did not affect cholesterol levels in the healthy control group [94] , but differently, in a randomized placebo-controlled trial including 194 moderately hypercholesterolemic patients [96] , a daily dose of 1300 µM pure hesperidin or 862 µM pure naringin over 4 weeks, did not affect total or LDL cholesterol levels, this last result being in contrast to the work of Jung and collaborators. In fact, the authors suggested that the mean baseline LDL-cholesterol concentration in their study could not have contributed to the absence of LDL cholesterol effects and concluded that naringin (and hesperidin) did not have cholesterol-lowering effects when consumed as capsules. Certainly, this divergence should be further deepened; however, it appears that naringenin or naringin beneficial effects are closely related to patients with increased cardiovascular risk.
On the other hand, a clinical trial (NCT00539916) analyzed the effect of 600 mL/day orange juice consumption on 25 mild hypercholesterolemic male volunteers for 4 weeks [97] . The authors found some improvements in antioxidant profile and a tendency towards endothelial dysfunction decrease and slight increase in plasma apolipoprotein A-1 concentration. Similar results were also stated using whole orange juice in patients under hepatitis C antiviral therapy: Increase in antioxidant defenses, and decrease in inflammation and blood serum cholesterol levels [25] . The same research group achieved analogous effects on healthy volunteers, highlighting marked improvements in LDL-cholesterol and apolipoprotein B levels, and metabolic syndrome risk markers [98] . Another clinical trial (NCT03527277), although still in recruiting phase, is focused on whole orange juice effects in cardiovascular diseases-and type-2 diabetes-related metabolic markers, to be compared with sugar-sweetened beverages.
Role of Naringenin in Endothelial Function
Flow-mediated dilatation (FMD) of brachial artery at 0 to 7 h was used to assess the effect of 240 mL of orange flavanone beverages (about 15 mg naringenin) in a clinical trial involving 30-65 years healthy men [99] . Postprandial endothelial dysfunction was reduced, probably through a specific flavanone's metabolites action on nitric oxide. Additionally, in a very interesting trial (NCT01272167), the long-term effect of 340 mL of grapefruit juice/day, containing about 480 µM naringenin glycoside, was investigated on endothelial function [67] . From the 48 healthy menopausal women recruited, arterial stiffness beneficial effects were found 6 months after treatment (carotid-femoral pulse wave velocity was significantly reduced).
Role of Naringenin in Weight Control
A commercial polyphenolic extract from several Citrus fruits (Sinetrol-XPur), containing about 20% of naringenin, was tested in 95 healthy overweight volunteers (BMI ranging from 26 to 29.9 kg/m 2 ) [100] . The main overweight-related endpoints were improved after 12-weeks randomized protocol (including waist and hip circumference, abdominal fat, body weight). Moreover, inflammatory and oxidative stress markers were all decreased [100] .
Stohs and coworkers also reported the naringin use as an adjuvant (600 mg) in weight management due to the well-known thermogenic effect of Citrus aurantium (bitter orange) extract (whose main active chemical compound is protoalkaloid p-synephrine) [101] . This double-blinded, randomized, placebo-controlled clinical trial (NCT01423019), involving 10 subjects per treatment group, showed that naringin is able to synergistically increase metabolic rate, without enhancing blood pressure and heart rates.
Role of Naringenin as Anti-HCV Activity
Naringenin has also been proposed as a novel therapeutic agent for hepatitis C virus (HCV) infection treatment. Indeed, this flavanone has been described to reduce HCV secretion in infected cells by 80%, at a concentration below to the toxic value in primary human hepatocytes and in mice [26] . Accordingly, in a phase I clinical trial already registered, 1 g naringenin supplementation (NCT01091077) was applied to examine its ability to hinder HCV infection and on very-low-density lipoproteins (vLDL) secretion lowering (usually acting as HCV carrier). Nevertheless, up to now, no published results are available. Based on the above described data, it emerges that, as no study has investigated naringenin chemopreventive potential on human cancer so far, this issue could be exploited in the near future.
However, might act by interfering with bioassays through several mechanisms and are termed Pan Assay INterference compoundS (PAINS) [102, 103] , which may affect the obtained bioassays results' credibility and, thus, should be carefully analyzed [104] .
Conclusions
Despite the huge amount of data on naringenin in vitro biological effects, few studies are available on its use as a therapeutic molecule. However, some specific effects were established under pure compounds supplementation, as well as in several studies using complex polyphenolic mixtures containing naringenin. The most promising activity seems to be related to cardiovascular disease protection, especially in already compromised patients. Nevertheless, these few data should be urgently expanded to better understand the naringenin mechanism of action on pathological or physiological conditions. However, a scarce number of clinical studies have been conducted so far, compromising its commercial exploitation. Further clinical studies are needed to better address naringenin safety, efficacy, delivery and bioavailability in humans.
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